The atomic and electronic structure of magnetite ͑Fe 3 O 4 ͒ in the four possible low-temperature structures, namely, P2/c − Pmca ͑I͒, Pmca ͑II͒, Pmc2 1 ͑III͒, and Cc ͑IV͒, have been investigated by generalized gradient approximation+ Hubbard U ͑GGA+ U͒ electronic structure and structural optimization calculations. Chargeorbital ordering is found to exist in all the four structures. The charge-orbital ordering and hence the Verwey metal-insulator transition is shown to be driven by the on-site Fe d-electron correlation. The theoretical charge-orbital ordering patterns in the I, II, and III structures do not satisfy the Anderson criterion but are consistent with recent neutron and x-ray diffraction experiments. The IV ͑Cc͒ structure is found to be the ground state structure. In the IV structure, the charge-orbital ordering on 3 / 4 of the tetrahedra does not satisfy the Anderson condition, while on 1 / 4 of the tetrahedra it does. The observed entropy change at the Verwey transition, which has been a long standing puzzle, is analyzed and found to be consistent with the chargeorbital orders obtained here.
I. INTRODUCTION
Many transition-metal oxides [1] [2] [3] [4] [5] exhibit charge and orbital orderings, which manifest themselves in the spatial localization of the charge carriers on certain ionic sites and in the real space ordering of the charge carriers in particular electron orbitals, respectively. The physical properties, such as electric transport and magnetism, of transition-metal oxides are intimately related to charge and orbital orderings. Therefore, the fundamental mechanisms that give rise to charge and orbital orderings are of considerable current interest. [6] [7] [8] [9] However, the classic charge ordering problem is the metalinsulator transition in magnetite ͑Fe 3 O 4 ͒, 10 known as the Verwey transition, which has intrigued generations of solid-state physicists. Despite intensive theoretical and experimental investigations in the past 60 years, the origin and mechanism of the Verwey transition 10 remains to be a matter of debate.
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Magnetite is a mixed-valence 3d transition-metal oxide with formal chemical formula Fe A 3+ ͓Fe 2+ Fe 3+ ͔ B O 4 2− . At room temperature ͑T͒, it crystallizes in the inverse cubic spinel structure ͑Fd3m͒ with two chemical formulas per unit cell. The oxygen ions form eight interpenetrating face-centeredcubic ͑fcc͒ lattices with the iron ions occupying the interstitial sites. One third of the Fe ions ͑Fe 3+ ͒ occupy the tetrahedral A-sites which form a diamond structure, while the remaining Fe ions with equal numbers of Fe 2+ and Fe 3+ ions, are located on the octahedral B-sites which form a cornersharing tetrahedra network, as illustrated in Fig. 1 . It is a metal with a moderate electric conductivity. However, on cooling below ϳ120 K, the Verwey temperature ͑T V ͒, Fe 3 O 4 undergoes a first-order phase transition, in which the electrical conductivity abruptly decreases by two orders of magnitude. 10 Assuming the high-T metallic conductivity is due to fast electron hopping between the B-site Fe 2+ and Fe 3+ ions, Verwey et al. 10 interpreted this metal-insulator transition as a charge ordering of the Fe 2+ and Fe 3+ states on the B-sites in successive ͑001͒ planes ͑Fig. 1͒, resulting in an orthorhombic structure ͑Verwey charge ordering model͒. Nevertheless, this appealing Verwey model was disproved by later experiments 11 which showed that low-T structure of magnetite is monoclinic rather than orthorhombic. Magnetite became the subject of intensive theoretical and experimental studies in the following decades. 11 In particular, Anderson 12 studied the charge ordering on the corner-sharing B-site Fe tetrahedron network ͑Fig. 1͒ in magnetite and pointed out that each B-site Fe tetrahedron should contain two Fe 2+ and two Fe 3+ ions in order to minimize the electrostatic energy. This is known as the Anderson criterion and has been used to screen many charge ordering models proposed for magnetite. [13] [14] [15] The Verwey model of charge ordering does satisfy the Anderson condition. 12 However, despite intensive investigations in the past 60 years, the detailed pattern or even the existence of the charge ordering in magnetite, or in general the crystal structure below the Verwey transition, is still not fully resolved. 11 Recently, Wright et al. 16, 17 found evidence of the long range charge ordering state with ionicity of +2.4 and +2.6 over B-site Fe ions using high-resolution neutron and synchrotron x-ray powder-diffraction data. Interestingly, the observed charge ordering 16, 17 is much more complicated than the Verwey model, 10 and, especially, does not meet the seminal Anderson condition. 12 This has stimulated intensive renewed theoretical and experimental interest in recent years. [18] [19] [20] [21] [22] [23] [24] [25] In particular, our generalized gradient approximation+ Hubbard U ͑GGA+ U͒ calculations 19 and also that of Leonov et al., 20 using the refined low-T monoclinic P2/c structure, 17 not only corroborate the observed charge-ordering in Fe 3 O 4 , but also reveal an associated t 2g orbital ordering on the B-site Fe sublattices. This discovered Fe t 2g orbital ordering 19 offers an explanation for why the Anderson condition is not met by the observed charge ordering 16, 17 However, the work of Wright et al. 16, 17 was challenged by a recent resonant Fe K-edge x-ray scattering investigation 21 which was concluded that there is no charge ordering in magnetite. Furthermore, based on their high pressure x-ray powder diffraction measurements, Rozenberg et al., 22 very recently proposed that the Verwey transition is just an ordinary structural transition, perhaps driven by phonondriven charge density wave. Nonetheless, much earlier neutron scattering measurements on phonon band structure of magnetite 26 already showed no evidence for any phonon softening. Amusingly, very recent O K-edge resonant x-ray scattering measurements 23 reveal clear experimental evidence for the existence of charge-orbital ordering in magnetite along the c-axis below the Verwey transition, being consistent with the GGA+ U calculations. 19 More dramatically, evidence for the charge-orbital ordering on the B-site Fe sublattices have been found in the latest soft x-ray Fe L 2,3 resonant diffraction experiments. 24 In the last two decades, though the symmetry of the low-T structure of Fe 3 O 4 have been known to be the monoclinic Cc symmetry 13, 16, 17, 27 with a sophisticate unit cell of 224 atoms, the detailed low-T atomic positions and ionic arrangement remains to be an open question. [13] [14] [15] [16] [17] 28 In the recent work by Wright and co-workers, 16 ,17 a subcell of the Cc structure in the P2/c symmetry was used for the atomic coordinates refinement with additional Pmca ͑Refs. 17 and 27͒ or Pmc2 1 ͑Ref. 27͒ orthorhombic symmetry constraints in order to reduce the complexity. In the recent GGA+ U calculations, 19 this reduced structure was used. Consequently, several questions remain to be answered. In particular, does the charge-orbital ordering also exist in the other proposed low-T structures? If it does, what is the driving force? Do the theoretically determined atomic coordinates and lattice parameters agree with that inferred from diffraction and scattering experiments? What structure among the proposed low-T structures is the ground state structure? In this paper, we present extensive electronic structure calculations including the total energy, U-dependence, structural optimization, charge-orbital ordering, for all the four proposed low-T structures in order to address the above-mentioned questions.
Another fundamental issue concerning the Verwey transition in magnetite is the observed entropy change at the Verwey transition. The expected entropy change of 2R ln 2 per mole from a complete charge order-disorder transition on the B-site Fe lattice, is nearly two times larger than the observed entropy change of ϳR ln 2 per mole ͑where R is the gas constant͒. 29, 30 Anderson pointed out the essential role of short-range order ͑SRO͒ in the thermodynamics of the Verwey transition. Under the Anderson condition, the entropy problem in low-T magnetite is analogous to the old problem of the zero-point entropy of ice. 12 Assuming the SRO above the Verwey transition, the entropy change at the transition is derived to be R ln͑3/2͒ per mole, 12 which is, however, ϳ40% smaller than R ln 2 per mole observed in heat capacity measurement. 29, 30 Therefore, another purpose of the present paper is to address this interesting issue by using the calculated charge-orbital ordering pattern in magnetite.
The rest of the paper is organized as follows. The computational details are described in the next section. In Sec. III, we first summarize the calculated electronic structure of the P2/c structure. In Sec. IV, we study the U dependence of the electronic structure of both the ideal cubic and P2/c structures and demonstrate explicitly that the on-site Coulomb correlation is the driving force for the charge-orbital ordering and hence the Verwey transition. This is followed by a report on the results of the structural optimization calculations in Sec. V. In Sec. VI, the calculated charge-orbital ordering pattern in the Cc structure is presented. In Sec. VII, we address the anomalous entropy change at the Verwey transition in terms of the various theoretically found charge-orbital ordering patterns. Finally, the conclusions from this work are given in Sec. VIII.
II. COMPUTATIONAL DETAILS
Band structure calculations for the four possible low-T structures of magnetite, namely, P2/c − Pmca ͑Ref. 17͒ ͑I͒, Pmca ͑Ref. 27͒ ͑II͒, Pmc2 1 ͑Ref. 27͒ ͑III͒, and Cc ͑Ref. 13͒ ͑IV͒, were performed using the accurate frozen-core fullpotential projector augmented wave method, 31 as implemented in the VASP package. 32 The calculations are based on the generalized gradient approximation ͑GGA͒ ͑Ref. 33͒ plus on-site Coulomb interaction U ͑GGA+ U͒ ͑Refs. 34 and 35͒ scheme. For the I, II, and III structures with 8 formula unit ͑f.u.͒ ͑56 atoms͒ in the a c / ͱ 2 ϫ a c / ͱ 2 ϫ 2a c ͑a c is the cubic cell parameter͒ unit cell, the calculations were performed over a 6 ϫ 6 ϫ 2 Monkhorst-Pack k-point grid in the Brillouin zone, while a 3 ϫ 3 ϫ 3 k-point mesh was used for the IV structure with 32 f. structures, and 302 400 plane waves for the IV structure with the same cutoff energy of 400 eV, was used. On-site Coulomb energy U = 4.5 eV ͑Ref. 36͒ and exchange parameter J = 0.89 eV ͑Ref. 34͒ were used for all the Fe ions throughout except stated otherwise. In the structure optimization calculations, the experimental lattice parameters and atomic positions of the four low-T structures were used as inputs, and both the lattice constants and atomic positions are fully relaxed. The structure optimization processes stop when the total energy change falls below the small threshold of 0.001 eV/cell. The corresponding atomic forces and cell stresses of the optimized lattice structures all fall below 0.01 eV/ Å and 1.0 kBar, respectively.
III. ELECTRONIC STRUCTURE OF THE P2/c STRUCTURE
To set the stage for discussion, we first summarize the results of our GGA+ U calculations for the experimentally determined low-T monoclinic P2/c ͑I͒ structure 17 of magnetite reported in Ref. 19 . The GGA calculations predict that the low-T phase ͓Fig. 2͑a͔͒ is a half-metallic ferrimagnet in which there is a gap at the Fermi level in the spin-up channel while the band structure for the spin-down channel is metallic, being similar to the previous LDA calculations for Fe 3 O 4 in the high-T cubic phase. 37 The conduction band in the spin down channel near the Fermi level is predominantly of Fe͑B͒-t 2g character. However, when the on-site Coulomb energy U = 4.5 eV, which eliminates the spurious selfinteraction and relatively localizes 3d orbitals, is taken into account, the half-metallic band structure in the low-T phase becomes an insulating one ͓Fig. 2͑b͔͒. As a result, an energy gap of 0.2 eV is opened in the spin-down Fe͑B͒-t 2g band at the Fermi level, being consistent with the experimental gap of 0.14 eV from measurements of the optical-conductivity spectrum. 38 The lattice distortion in the low-T phase lowers the site symmetry and the B-site Fe ions break into six inequivalent types, namely, Fe͑B1a͒, Fe͑B1b͒, Fe͑B2a͒, Fe͑B2b͒, Fe͑B3͒, and Fe͑B4͒. As indicated in Fig. 2͑b͒ , the occupied spindown t 2g band belongs to the charge-rich Fe͑B1͒ and Fe͑B4͒ ions, suggesting the existence of charge ordering. The calculated valence charge density distribution and orbitaldecomposed densities of states 19 clearly show the formation of an orbital ordering on the divalent B-site sublattice in which one extra conduction electron occupies the spin-down d yz , d xz , and d xy orbitals of Fe͑B1a͒, Fe͑B1b͒, and Fe͑B4͒, respectively. In this orbital ordered state, the spin-down t 2g electron cloud of the three divalent Fe͑B͒ ions arrange themselves with one lobe of each electron cloud pointing towards the trivalent Fe͑B3͒ ion due to the intersite Coulomb attraction energies between the trivalent Fe͑B3͒ and the down-spin electron clouds of divalent Fe͑B1a͒, Fe͑B1b͒, and Fe͑B4͒ ions. Such intersite Coulomb attractions cause one of the most significant atomic position deformations at the Verwey transition that the Fe͑B3͒ ion on one of the vertices of the Fe͑B͒-O cube is strongly pulled inwards along the cube diagonal. The charge-orbital ordering results mainly from the on-site U, as will be demonstrated by explicit GGA+ U calculations with different values of U below. The formation of the orbital order subsequently induces the structural distortion which re-enforce the charge-orbital order. To see clearly the charge-orbital ordering pattern along c direction, we present in Fig. 3 the charge-density contours corresponding to the energy interval between the Fermi level ͑0͒ and 0.5 eV below it ͑−0.5 eV͒. It can be seen clearly from Fig. 3 that the charge-orbital ordering can be considered as the superposition of ͓001͔ c and ͓ 00 1 2 ͔ c charge density wave modulations, as pointed out by Wright et al. 16 
IV. IMPORTANCE OF THE ON-SITE COULOMB INTERACTION U
To unravel the origin of the formation of the chargeorbital ordered state and subsequently opening of the insulating energy gap at the Fermi level in magnetite below the Verwey temperature, let us examine the effects of on-site U and lattice distortion on the electronic structure. In Table I , we list the calculated properties of magnetite in both the monoclinic P2/c structure and the ideal cubic structure with a a c / ͱ 2 ϫ a c / ͱ 2 ϫ 2a c supercell corresponding to high-T fcc lattice with internal parameter u = 0.0, from the GGA ͑U = 0.0 eV͒ and GGA+ U calculations with different U values. The spin-down energy gap at the Fermi level, the charge separations between the charge-rich and charge-poor Fe͑B͒ in the charge ordering state, and the existence of orbital ordering are listed in the three columns of both the P2/c and cubic blocks, respectively. To indicate the amplitude of orbital order, we use a simple parameter P to represent the distribution of the orbital occupancy among the three spindown t 2g orbitals of the Fe͑B1a͒ ion, namely, P = n͑d yz ͒ / n͑t 2g ͒ where n is the occupation number. In this definition, the orbital order parameter would be 1 / 3 ͑evenly distributed among the three t 2g orbitals͒ in the cases without orbital order, whereas it would be 1.0 in the perfectly orbital ordered cases. In the pure GGA case ͑U = 0.0͒, the gap, charge-ordering ͑CO͒, and orbital ordering ͑OO͒ are all absent whether the lattice distortion is taken into account or not. The orbital-order parameter is approximately 1 / 3 ͑Table I͒ in the ideal cubic structure without orbital ordering, while in the real P2/c lattice, the orbital-order parameter is about 1/2 ͑Table I͒, indicating that there exists slight orbital polarization due to the lattice distortion. However this slight orbital polarization is far shorter than those of the orbitalordered cases ͑P Ͼ 0.9͒ as discussed below. In the U = 4.5 eV case, the P2/c structure exhibits a charge-orbital ordered state ͑P = 0.98͒ with an insulating band gap of 0.20 eV and a charge separation of 0.15e. Furthermore, even in the ideal cubic supercell structure in which the lattice distortion is not present, the OO ͑P = 0.96͒ similar to that in the P2/c case, persists, though the charge separation is reduced to 0.12e and the small insulating gap is closed. For a smaller U value of 4.0 eV, in the P2/c structure, the energy gap is also eliminated and the charge separation is reduced to 0.11e while the OO still exists. These results imply that near U = 4.5 eV, the effect of the lattice distortion is roughly equivalent to that from increasing the U value by about 0.5 eV. For larger U values of, e.g., 5.0 and 5.5 eV, the energy gaps and charge separations are enhanced in both the P2/c and cubic structures. Interestingly, as shown in Table I , with U ജ 5.0 eV, even the undistorted cubic structure exhibits a charge-orbital ordered state with an insulating energy gap of 0.11 eV. Therefore, we may conclude that, rather than being an ordinary structural phase transition, 22 the Verwey metalinsulator transition is an on-site electron correlation-driven charge-orbital ordering, which results in the corresponding lattice distortion and the subsequent opening of the insulating gap. 19 The reason why the charge ordering has been so difficult to observe despite of intensive experimental effort in the past 
GGA+ U using a c / ͱ 2 ϫ a c / ͱ 2 ϫ 2a c unit cell. Charge separations ͑CS͒ were calculated within atomic spheres of radius 1.0 Å. OO represents orbital ordering ͑the orbital-order parameter P is given in the parentheses͒. Total energy ͑E t ͒ is relative to the total energy of the ideal cubic primitive cell ͑internal parameter u = 0.0͒ with the corresponding U and J values. Table I . These results demonstrate that the formation of charge-orbital ordering ͑without lattice distortion͒ would lower the total energy by 0.22-0.47 eV/ f.u. The significant energy gain indicates that the charge-orbital ordering induced by on-site U, plays an essential role in the Verwey transition. When the lattice distortion is also taken into account, the total energy would be further lowered by 0.53-0.85 eV/ f.u.
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V. EFFECT OF THE STRUCTURAL RELAXATIONS
In Table II , we list the calculated spin down energy gap at the Fermi level, charge separation, orbital ordering, averaged Fe͑B͒-O bond length, as well as the total energies ͑with respect to the total energy of the experimental high-T cubic lattice with internal parameter u = 0.005͒ of the four known low-T Fe 3 O 4 structures from the GGA+ U calculations with U = 4.5 eV. The orbital-order parameter P of Fe͑B1a͒ in P2/c structure mentioned in the preceding section as well as those of corresponding B-site Fe ions in the other three lattices are also given in the parentheses. For the experimental structures ͑upper block͒, the averaged bond length between the divalent-Fe͑B͒ ͓trivalent-Fe͑B͔͒ ions and the neighboring oxygen ions are nearly the same, being about 2.07 Å ͑2.05 Å͒, though the obtained charge separations vary from 0.12e to 0.15e. There is some apparent correlation between the calculated charge separation and insulating gap. As shown in Table II , the III structure has the smallest charge separation of 0.12e. As a result, the B-site spin-down t 2g band splittings are significantly suppressed, and the insulating gap at the Fermi level in the spin-down channel disappears, as shown in Fig. 4͑c͒ . In contrast, the other three structures have an insulating gap ranging from 0.1 to 0.2 eV ͓Fig. 2͑b͒ and Figs. 4͑a͒ and 4͑e͔͒ . Furthermore, the total energy of structure III is about 0.1 eV/ f.u. higher than both structures I and II with charge separations of 0.15e and 0.14e, respectively. However, the total energy of the III structure is only slightly ͑0.002 eV/ f.u.͒ higher than structure IV which has a charge separation of 0.13e.
The properties of fully relaxed low-T structures are also presented in the lower panel of Table II as well as in Fig. 2͑c͒ and Figs. 4͑b͒, 4͑d͒, and 4͑f͒. After the full lattice relaxation, the total energies of all the four structures become lowered and the total energy differences between the different structures are considerably reduced to within ±0.01 eV/ f.u. The most pronounced effect of the structural optimization is perhaps the relative stability of the four structures. After the full lattice relaxation, structure IV, i.e., the Cc structure with the cell size of ͱ 2a c ϫ ͱ 2a c ϫ 2a c , has the lowest total energy, indicating that it is most likely to be the true low-T structure of magnetite. Nevertheless, as mentioned above, the total energy differences among the four structures are very small, and this perhaps explains why the four structures all have been observed experimentally. Another pronounced effect of the structural optimization is that the difference between the averaged bond lengths of ͗Fe B 2+ -O͘ and ͗Fe B 3+ -O͘ are increased from 0.02 Å to 0.06 Å. This enhanced bond length difference gives rise to an increased charge separation between the divalent and trivalent Fe͑B͒, and hence a greater band splitting in spin-down Fe͑B͒-t 2g band. As shown in Table II , the spin down band gap is greatly enlarged to 0.44 eV for lattices I ͓Fig. 2͑c͔͒, II ͓Fig. 4͑b͔͒, and III ͓Fig. 4͑d͔͒, and to 0.66 eV for lattice IV ͓Fig. 4͑f͔͒ after the full lattice relaxation. The resultant energy gaps are somewhat larger than the band gap of 0.14 eV derived from opticalconductivity spectrum measurements, 38 suggesting that the on-site U of 4.5 eV ͑Ref. 35͒ used in the calculations could be slightly overestimated. Nevertheless, the conclusions emerged from the above discussion should remain unchanged. Interestingly, the full lattice relaxations result in the same charge separation of 0.15e for all the four structures. Finally, we note that the orbital ordering prevails in all the cases including the experimental and fully relaxed structures. Theoretically refined lattice parameters and atomic positions of the low-T P2/c and Cc structures are listed in Tables  III and IV, The theoretical a and b and ␤ parameters are slightly enhanced, whereas the theoretical c constant is slightly reduced, with the theoretical volume being ϳ0.01% smaller than the experimental one. After the lattice relaxation, in the P2/c structure, the atomic coordinates ͑Table III͒ remain more or less the same as the experimental ones 17 with the maximum deviation being ϳ2%. respectively. The slight change in the lattice shape is similar to that found in the P2/c lattice. However, despite the good agreement ͑within ϳ0.2%͒ between the experimental and theoretical Cc lattice volumes, the differences in the atomic positions can be rather significant. The calculated coordinates of some of the atoms ͑Table IV͒ can differ from the corresponding experimental coordinates ͑Table I of Ref. 13͒ by 3%-7%, indicating that these experimental atomic positions are unstable. Further analysis of the experimental data 13 starting with the theoretical atomic positions may be useful. Such nontrivial atomic relaxations in the Cc lattice may significantly affect the charge-orbital ordering patterns, as discussed below.
VI. CHARGE-ORBITAL ORDERING IN THE Cc STRUCTURE
We notice that the charge-orbital ordering pattern is the same in both the unrelaxed and relaxed I, II, and III structures, as shown in Fig. 3 . However, in contrast, the experimental Cc ͑IV͒ structure exhibits a different and complex charge-orbital ordering pattern. In Fig. 5 , we display this spin-down charge-orbital ordering at various heights along the c axis in the unrelaxed Cc unit cell. It is clear from Fig.  5 that the charge-orbital ordering in the Cc cell at heights 0, 1/8, 4/8, and 5/8 c is nearly identical to that in the smaller P2/c cell ͑Fig. 3͒. Interestingly, compared with the chargeorbital ordering in the P2/c structure ͑Fig. 3͒, half ͑two͒ of the occupied t 2g orbitals at heights 3 / 8 and 7 / 8 c disappear and the two electrons move to occupy two pairs of neighboring t 2g orbitals at 2 / 8 and 6 / 8 layers, respectively, forming a dimerlike orbital-ordering pattern ͑Fig. 5͒. Occupancy analysis reveals that the two B-site Fe ions forming each dimerlike orbital order have 0.27e and 0.41e, respectively, in their spin-down t 2g orbitals ͑Fig. 6, left-hand panel͒. Hence the total charge of 0.68e per dimer corresponds conceptually to one electron per bond. This appears to lend some support to the bond dimerization model proposed previously in Ref. 39 for the Verwey transition in magnetite, based on mean-field calculations and taking into account of the cooperative effects of strong electronic correlation and electron-phonon interaction. Note that the dimerlike charge-orbital ordering comes out naturally in the present unbiased GGA+ U calculations. However, the bond dimerization model proposed in Ref. 39 does not agree with the bond length analysis based on the experiments on magnetite in the P2/c structure in Ref. 17 . Furthermore, such a dimerlike charge-orbital ordering is actually unstable against structure optimization. After the structure optimization, one-half of the Fe͑B͒-O bond lengths of these dimers at 2 / 8 and 6 / 8 c are enhanced, and the other one-half are suppressed. As a result, the two t 2g electrons occupying two pairs of dimerlike orbitals ͑one electron per bond͒ in the unrelaxed Cc lattice concentrate themselves on two B-site Fe in the relaxed Cc lattice, leading to an occupancy of 0.71e / divalent ion and of 0.07e / trivalent ion on the two B-site Fe ions, respectively, as shown on the right-hand panel of Fig. 6 .
The charge-orbital ordering patterns at heights 2 / 8, 3 / 8, 6 / 8, and 7 / 8 in the theoretically optimized Cc cell are still different from those in the P2/c cell as well as those in the experimental Cc cell. Importantly, the charge-orbital ordering in the theoretical Cc structure exhibits a distinct feature, namely, the majority ͑3/4͒ of the corner-sharing Fe͑B͒ tetrahedra are composed of either three Fe 2+ and one Fe 3+ ions, or one Fe 2+ and three Fe 3+ ions ͑i.e., the so-called "3-1" charge ordering pattern͒, whereas the minority ͑1/4͒ consist of two Fe 2+ and two Fe 3+ ions ͑i.e., the so-called "2-2" charge ordering pattern͒. This is different from the purely "3-1" charge-orbital ordering pattern found in the P2/c structure 19 as well as in the II and III structures from the present calculations. Thus, in the Cc structure, the major part ͑the "3-1" pattern͒ of the charge-orbital ordering still does not satisfy Anderson's "2-2" charge ordering criterion 12 that each corner-sharing B-site Fe tetrahedron must contain two Fe 2+ and two Fe 3+ ions to minimize the electrostatic energy, though the minor part ͑the "2-2" pattern͒ does. Moreover, as for the purely "3-1" charge-orbital ordering in the P2/c structure, 19 all the spin-down orbitals of the Fe 2+ ions in the Cc lattice ͑Figs. 5 and 6͒ point one lobe of the electron cloud towards the neighboring Fe 3+ ions so that the intersite Coulomb energy becomes lower. Clearly, further experiments such as resonant x-ray scattering measurements, 23 on magnetite in the low-T Cc structure are needed to determine the details of the actual charge-orbital ordering in Fe 3 O 4 .
VII. ENTROPY CHANGE AT THE VERWEY TRANSITION
Another interesting issue is the entropy change at the Verwey transition. As mentioned in the Introduction, under the Anderson's "2-2" charge-ordering condition, the entropy change from the fully ordered state below the Verwey transition to the complete disorder above it, would be 2R ln 2 per mole, being 2 times larger than R ln 2 per mole observed in the heat capacity measurements. 29 One attempt to resolve this outstanding discrepancy has been to assume that at the temperatures immediately above the Verwey transition, magnetite exhibits the short range order rather than the complete disorder. For any "2-2" charge-ordering patterns, the entropy for the short range order is R ln͑3/2͒ per mole. 12 Consequently, the associated entropy change would be R ln͑3/2͒, which is, however, ϳ40% smaller than the experimental value. Therefore, the observed entropy change at the Verwey transition, like Verwey transition itself, has been a puzzle despite intensive experimental and theoretical investigations in the past decades. 29 Following Anderson's deduction 12 of entropy in magnetite under short range "2-2" order assumption over the two sets of tetrahedra ͑both contain N / 4 tetrahedra, where N is the number of B-site Fe͒ with opposite orientations such that all those in one set touch only those in the other ͑Fig. 1͒, we find the entropy per mole for the short range "3-1" charge ordered state to be
where k B is the Boltzmann constant and the number of total microstates
Therefore, the entropy change would be R ln 2 per mole if the Verwey transition is assumed from the short range order above it to the long range order below it, being in excellent agreement with the experimentally observed value. 29 This clearly indicates that the "3-1" charge ordering found in both the experimental and theoretical optimized I, II, and III structures, not only is more realistic than the Anderson's "2-2" charge ordering, but also helps to resolve the long standing puzzle of the entropy change at the Verwey transition. Furthermore, as mentioned in Sec. IV, the "3-1" charge-orbital ordering could also exist in the high-T undistorted cubic structure, and hence, it is likely that the short range order rather than the complete disorder, would appear at the temperatures above the Verwey transition. Indeed, indication of the existence of the short range order above the Verwey transition and below room temperature in diffuse neutron scattering, 40 optical conductivity experiments 38 and also some photoemission measurements, 41 has been reported, though there is no evidence for the SRO in heat capacity experiments. Nevertheless, as mentioned above, in the theoretically optimized IV structure, 3 / 4 of the Fe͑B͒ tetrahedra exhibit the "3-1" charge ordering while the rest show the "2-2" charge ordering. The entropy associated with the short range order of this mixed charge ordering pattern is R / 4 ln 12 per mole. Therefore, the entropy change would be R / 4 ln 12 per mole if the Verwey transition is assumed to be from the short range order above it to the long range order below it. We note that this entropy change associated with the combined "3-1" and "2-2" charge ordering found in the theoretically optimized Cc ͑IV͒ structure is only ϳ10% smaller than the experimental value, 29 indicating the strong possibility of the existence of this mixed charge ordering pattern. Further experiments searching for the short range order above the Verwey transition are needed to finally clarify this long standing issue.
VIII. CONCLUSIONS
In conclusion, the atomic and electronic structures of magnetite in the four proposed low-T structures have been investigated in detail by using the GGA+ U method. All the four structures are found to exhibit a similar charge-orbital ordered state with charge separations of 0.12-0.15e. Structures I, II, and IV are found to be an insulator with an energy gap of 0.1-0.2 eV, whereas structure III is a half-metallic ferrimagnet. After lattice relaxation, all the four structures remain or become a charge-orbital ordered insulator with an energy gap of 0.44-0.66 eV, and with charge separations of 0.15e. Lattice relaxation tends to eliminate the dimerlike orbital ordering found in unrelaxed lattice IV. The GGA+ U calculations also show that the IV ͑Cc͒ structure with the largest unit cell of 224 atoms is the most stable low-T structure. GGA+ U calculations further reveal that the IV structure has a mixed charge-orbital ordering pattern with 3 / 4 of the B-site tetrahedra showing the "3-1" charge-ordering pattern while 1 / 4 of the tetrahedra showing "2-2" ordering pattern. All the charge-orbital ordering patterns found in the low-T structures are found to be consistent with the observed entropy change at the Verwey transition if a short-range order rather than the completely disorder is assumed in the temperatures immediately above the Verwey transition. Finally, the on-site Coulomb repulsion U is explicitly shown to be the origin of the charge-orbital ordering, the associated lattice distortion, and hence the Verwey metal-insulator transition. Hopefully, this work would stimulate further experiments to determine the nature of the states immediately above the Verwey transition and also the details of the charge-orbital ordering pattern in the low-T Cc structure.
